The curing behavior of the epoxy/dicyandiamide/2-methylimidazole system in the presence of montmorillonite clays intercalated with different compounds are analyzed by Fourier transform infrared spectroscopy (FTIR) and with differential scanning calorimetry (DSC). The properties of intercalated clays were analyzed by X-ray diffraction and thermal gravimetric analysis (TGA) and it was obtained that the d-spacing of different intercalated clays follows the order of the siloxane-clay>org-clay>epoxy resin-clay>pristine clay; this trend is consistent with the amount of intercalated chemicals obtained from TGA. The results of FTIR and DSC indicate that the curing exotherms, curing rates, formed functional groups, and curing mechanisms (reaction order) of the epoxy resin system are affected by the curing temperature and the type of intercalated clay used because of the stoichiometric imbalance of reactive groups resulted from the mutual diffusion of epoxy resin constituents and intercalated chemicals. The curing heats of the epoxy resins with different clays are in the order of the epoxy resin-clay> siloxane-clay>org-clay. It is shown that the Kamal model when applied can correctly describe the curing kinetics of the studied epoxy resin/clay systems at 160 and 170 o C.
Introduction
The uses of montmorillonite clay to prepare polymer nanocomposites have attracted a great attention in these years since the great physical properties of the nano Nylon-6/montmorillonite composite introduced by the Toyota research group in the last decade. It is demonstrated that the well exfoliated clay in polymer matrix can result in significant enhancement of the physical properties of the pristine polymer. In addition to the thermoplastic polymers, different thermosetting polymers/clays, such as various epoxy resins/intercalated clays systems, are also studied and successfully used to prepare the cured nano-composites with improved properties [1] [2] [3] [4] [5] . It is indicated that the tensile strength, flexural strength, modulus, glass transition temperature, toughness, anti-corrosion property, dimension stability, thermal stability, solvent resistance, and liquid/gas permeation of the prepared nano-composites can all be affected by nano-clays in the cured epoxy resins [1] [2] [3] [4] [5] [6] [7] [8] [9] . Similar to that found in the thermoplastic/clay system, the degree of dispersion or exfoliation plays the key role in promoting the performance of epoxy/clay composite. Nonetheless, the dispersion or exfoliation of intercalated clay in the thermosetting epoxy resin matrix becomes more complicated than in the thermoplastics because of the chemical reaction involved in the solidification curing process.
In general, it is believed that the rates of intragallery and extragallery polymerization during cure are closely related to the formation of intercalated or exfoliated structure in the epoxy resin/clay system [1, 2] . A much faster extragallery polymerization or a much slower intragallery polymerization would result in an intercalated epoxy resin/clay nano-composite, while a small difference in polymerization rates between intragallery and extragallery polymerizations facilitates the formation of exfoliated structure [1, 2, 3] . The success of controlling the degrees of intercalation and exfoliation of clay in the composite relies on knowing and controlling the interactions among different variables, e.g., the epoxy resin, curing agent, intercalation compound, clay, relative content, and curing condition during the solidification [3] . The aforementioned variables affect the curing rate, onset of gelation, and degree of crosslinking, and which simultaneously influence the intragallery and extragallery reactions and then determine the final performance of the cured nanocomposite.
Regardless of the effects from the epoxy resin system and the curing environment, the first key factor to be considered to prepare the epoxy resin/clay nanocomposite is the nature of the intercalated clay. It is shown that the type/nature of clay and the surface modification of the clay can greatly affect degrees of intercalation and exfoliation [3] . The cation-exchange capacity of the clay is closely related to the amount of intercalated alkylammonium ions in the clay, i.e., the intercalation distance of the clay [4] . The d-spacing between layers in the clay can also significantly increase by using the chemical compound with the specific functional group and chain length as a surface modifier [5] . Moreover, the intercalated clay not only determines the initial intercalation distance but also affects the subsequent physical (miscibility and diffusion) and chemical reactions during the cure, and then the final structure of the cured resin.
It has been also shown that the intercalation compound can significantly affect the curing reaction of the matrix resin. The hydrophobic onium ions intercalated in the clay gallery can catalyze intragallery polymerization with a rate competitive with extragallery polymerization in the epoxy resin system and then lead to the formation of the exfoliated epoxy resin-clay nanocomposite [6] . The intercalated onium ions in the clay can function simultaneously as the surface modifier of the clay, catalyst for intragallery polymerization, and curing agent for the epoxy resin matrix [7] . In addition to onium ions, the hydroxyl groups of the intercalated bis(2-hydroxy-ethyl)methyl tallow ammonium cation is also found to promote intragallery polymerization and facilitate clay exfoliation in a diglycidyl ether of bisphenol A/poly(ether amine) epoxy resin [8] . Regarding the extragallery polymerization, the presence of organo-clay in the epoxy resin system can result in a lower curing onset temperature which is attributed to the catalytic effect of clay on the curing reaction [3, 9] .
It is obvious that the effect of intercalated clay on curing of the specific epoxy resin/curing agent system plays an important role in determining the epoxy resin-clay nanocomposite with the required structure and performance. In this study, the curing behaviors of the epoxy resin/dicyandiamide/2-methylimidazole system in the presence of montmorillonite clays intercalated with different compounds are analyzed. The changes of curing kinetics with respect to the type of intercalated clays are demonstrated.
Results and discussion
From results of X-ray diffraction shown in Table 1 , the montmorillonite clay is shown to be effectively intercalated by various compounds. The as-received clay has the (001) diffraction peak near 7.59 o with the interlayer d-spacing about 11.6 angstroms. The diffraction peak of clay is shifted to 2.96 o with the increase of d-spacing to 29.8 angstroms after intercalation with the octadecylamine. These expected results are similar to those published elsewhere. After treatment with epoxy resin-functional siloxane and phosphorus modified epoxy resin, the (001) diffraction peaks of clays are changed to 2.34 o and 5.68 o which are corresponding to the d-spacing of 32.5 and 15.5 angstroms, respectively. The results indicate that the functional siloxane and phosphoric epoxy resin used can be effectively introduced into interlayers of montmorillonite. The polar epoxy resin-siloxane is compatible and miscible with the octadecylamine, henceforth, would diffuse into the interlayer of the octadecylamineintercalted clay to further expand the d-spacing. As regards the epoxy resin-clay, the intercalation of phosphoric epoxy resin is mainly due to the onium ions formed from the protonated tertiary amines (BDMA in this case) which facilitate the intercalation of epoxy resin also through the swelling and diffusion processes. The intercalation of different monomers into clay by the use of various swelling agents has been described in many related patents. In addition to X-ray diffraction analysis, the results of TGA also confirm the presence of intercalated compounds in the clay. The TGA thermograms from different treated clays are shown in Figure 1 . It is obvious that the as-received montmorillonite clay loses weight about 3.6 wt.%, which is from the absorbed water, below 100 o C. After this relatively large evaporation, the weight of clay remains almost constant and loses a small 0.4 wt.% of the strong hydrogen-bonded water from 100 to 600 o C. As expected, the inorganic clay is inert and stable under the testing condition. However, after intercalation with octadecylamine, the org-clay has two major weight losses starting near 180 and 380 o C and loses a total weight about 40 wt.% ( Figure 1B ). This great loss is undoubtedly from the intercalated organic octadecylamines which are responsible for the significant increase of the (001) d-spacing of clay.
Tab
Regarding the siloxane-clay, it is shown in Figure 1C that it has the thermogram different from that of the org-clay and loses 46.6 wt.% which is 6.6 wt.% greater than that from the org-clay. Since the siloxane-clay is prepared from the org-clay, the result indicates that the small increase of the weight loss is attributed to the absorbed long chain siloxanes in the siloxane-clay which diffuse into the swelled org-clay and result in further expansion of the intercalation distance. From the small increases of absorbed weight and interlayer distance obtained, it is believed that the long siloxane molecules only partly diffuse into the org-clay. In addition, the clear change obtained between TGA thermograms of org-clay and siloxane-clay indicates that the presence of small amounts of absorbed siloxanes increases the degradation temperature and affects the degradation kinetics of the org-clay (see Figures 1B and 1C) .
The epoxy resin-clay has the smallest weight loss among three treated clays. As shown in Figure 1D , the epoxy resin-clay starts to lose absorbed epoxy materials from 300 o C and has the major loss of 25 wt.% near 400 o C. After 400 o C, the epoxy resin-clay continues to gradually lose 6 wt.% until 600 o C. This result is consistent with that from the X-ray diffraction. The smallest amount of intercalated materials results in the smallest intercalation distance. Additionally, due to the small expansion of the d-spacing but the relatively great content of the absorbed epoxy resin, the loss before 400 o C is attributed to the loosely absorbed phosphoric epoxy resins near edges of the clay with dangling chains which do not fully penetrate into the interlayers, while the small loss after 400 o C is from the small amount of more strongly bonded or/and more deeply penetrated intercalation compounds. The curing characteristics of formulated epoxy/DICY/2-MI/clay systems are obtained from DSC exotherms and FTIR spectra. The representative isothermal curing thermograms obtained from the plain epoxy resin system are shown in Figure 2 . The isothermal reaction heats calculated are listed in Table 2 . It is clear that the curing heat increases with increasing the curing temperature. The reaction heats obtained are between 362.4 J/g and 410.5 J/g at different curing temperatures. This is due to the fact that a higher curing temperature can facilitate the dissolution of DICY,
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henceforth, assist the reaction between DICY and epoxy resin and then increase the curing heat [10, 11] . This can be confirmed from the representative FTIR spectra obtained from the epoxy resin system after being cured at different temperatures (see Figure 3 ). As shown in Figure It is also shown that in a curing reaction which is dominated by several different parallel/consecutive reaction routes, the change in curing temperature results in a change in relative rates among curing mechanisms, consequently, creating the difference in curing exotherm [12] . Lin et al. have indicated that the DICY cured epoxy resinsystem consists of two highly temperature dependent reactions-the etherification and the amine-epoxy reaction [13] . The etherification is preferred at a
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lower curing temperature while the amine-epoxy reaction is dominant at a higher temperature. In addition, a third reaction resulting from the formation of melamine by the rearrangement would happen in the curing temperature range between 150 and 200 o C [14] . As a result, the temperature dependent exotherms are obtained also because of the mentioned complex curing reactions involved in the DICY cured system. These mentioned curing reactions can also be confirmed by FTIR spectra shown in Figure 3 . The differences in intensities of bands near 1750, 1690, 1650, and 1110 cm -1 are clearly seen. The 1650 cm -1 band is assigned to an imino group formed by the intermolecular addition of hydroxyl to the DICY cyano functionality, and/or by the intramolecular nucleophilic substitution of hydroxyl at the imide functionality [15, 16] . The absorption bands near 1750 and 1690 cm -1 are characteristics of carbonyls formed by the structural rearrangement of the imino esters into 2-oxazolidones and guanyl ureas, respectively [17, 18] . The band near 1110 cm -1 is from the formed ether groups. The resins cured at a higher temperature obviously have more 2-oxazolidones but less guanyl ureas, imino, and ether groups than cured at a lower temperature (see absorbance ratios listed in Table 4 ). As described previously, the differences in contents of these groups are closely related to the differences obtained in reaction heats. The addition of clay would affect the curing behavior of the studied epoxy resin system. As shown in Table 2 , the epoxy resin containing 1 phr untreated clay has a significantly lower reaction heat than the plain epoxy resin at the lower curing temperatures of 160 and 170 o C. The presence of clay particles would affect the collision probability and reacting chances among reactive functional groups and then further affect different competing curing-routes, henceforth, causing changes in exotherms (curing degree) at different curing temperatures. As a result, the increase of clay content would increase the differences obtained at different curing temperatures. The more the clay added, the lower the reaction heat obtained at the lower curing temperature (see Table 2 ). The untreated clay could adversely affect the curing reaction. The change in curing extent by the addition of clay can be confirmed from the FTIR spectra shown in Figure 4 . It is shown in Table 3 that the spectra obtained from the epoxy resin/clay have smaller intensities of bands near 2180, 1750, 1690, 1650, and 1110 cm -1 than the spectra from the plain epoxy resin shown in Figure 3 at the lower curing temperature, but vice versa at the higher curing temperature indicating that the epoxy resin/clay has different unreacted curing agents, degree of cure (and curing routes), and functional groups formed after the isothermal exposure. Fig. 3 . The FTIR spectra obtained from the unfilled system after curing at (A) 160, (B) 170, and (C) 180 o C for one hour.
As regards the epoxy resin with org-clay, the curing exotherms obtained are totally different. From Table 2 , the epoxy resin with 1 phr org-clay has curing heats about 268, 275, and 293 J/g after being cured at 160, 170, and 180 o C, respectively, which are much lower than those from the plain epoxy resin and the epoxy resin/clay. Obviously, a different curing reaction or cured structure is formed. It is shown in Figure 5 that the intensities of the 2180 cm -1 band from the non fully-reacted residual DICY in the epoxy resin/org-clay follow the order of 160<180<170 o C while the intensities of the 1750 cm -1 are in the order of 160<170<180 o C (Table 3) . It is proposed that the diffusions of DICY (and epoxy resin) into the intragallery of org-clay could happen at the low curing temperature of 160 o C due to a comparable low curing rate. Henceforth, a changing ratio of DICY/epoxy formed in the bulk results in the smaller band of 2180 cm -1 but a residual epoxide band of 910 cm -1 at 160 o C. Although the diffusion processes are impeded by the high curing rate at the high curing temperature, the higher curing temperature still causes a greater extent of the extragallery cure and a more intense band near 1750 cm -1 . The more intense bands near 1690, 1650, and 1110 cm -1 at 180 o C, which is different from those of the previous two specimens and implies a different temperature dependent curing reaction, are also obtained ( Table 3 ). The similar competition among intragallery diffusion of monomers, intragallery polymerization, and extragallery polymerization happening in different epoxy resin/intercalated clay systems has been described previously. In this study, the change in curing behaviors can be obtained more clearly by the DSC kinetic analyses shown later. In the case of siloxane-clay, the curing heats obtained from different curing temperatures are very similar to but with different extents of cure than the sample with org-clay. As obtained in Table 2 , the epoxy resin/1 phr siloxane-clay has reaction heats near 350, 355, and 363 J/g after being cured at 160, 170, and 180 o C, respectively. The difference among these values is insignificant as compared with those obtained from previous epoxy resin/clay systems. It is interesting to notice that although the reaction heats of this specimen are significantly different from those of the epoxy resin/untreated clay and the plain epoxy resin, the curing extent is still the greatest as determined by the FTIR analyses. For example, the epoxy resin/siloxaneclay has reaction heat much lower than the plain epoxy resin and the epoxy resin/clay at 180 o C, and with reaction heats lower than the unadded epoxy resin but greater than the epoxy resin/clay after 160 and 170 o C cure. From the curing heat released, the epoxy resin/siloxane-clay should have a lower curing degree than the plain epoxy resin, but on the contrary the epoxy resin/siloxane has the smaller residual DICY band near 2180 cm -1 at all three curing temperatures and the greater band of oxazolidones near 1750 cm -1 at 180 o C from the FTIR analyses shown in Figure 6 indicating that there is a better extent of the extragallery reaction from the epoxy resin/siloxane-clay system (also see Table 3 ). The small residual epoxide groups detected, which decrease in intensity with increasing the curing temperature as expected, are related to the siloxane-clay which contains extra epoxides in the siloxane. The change in curing extent (or curing reaction) can also be confirmed by the smaller intensities of bands near 1690, 1650, and 1110 cm -1 obtained from the epoxy resin/siloxane than those from the plain epoxy resin specimen ( Table 3 ).
The stoichiometric imbalance resulting from the dangling epoxy resin siloxane and the diffusion of monomers is responsible for the DSC and FTIR results obtained. From the TGA and X-ray results, the long chain siloxanes are determined to be only partly intercalated, henceforth, the entanglement and mutual diffusion of these dangling soft siloxanes containing reactive epoxides with the monomers from the bulk epoxy/DICY not only can plasticize the extragallery resin, but also cause the stoichiometric imbalance of functional groups and then affect the curing reactions. These phenomena have also been found by other investigators [8, 19] . In addition, contrary to using org-clay, the intragallery diffusion could be blocked by the extruded siloxanes in this case. It is well known that the curing mechanisms and the formed structures of DICY cured epoxy resins are easily affected by the DICY-toepoxy resinratio [20] [21] [22] [23] [24] . The stoichiometric ratio of DICY and epoxy resin is changed by the described effects from the siloxane-clay. As a result, the presence of the siloxane-clay alters the curing heats, forms functional groups, and curing kinetics are obtained (shown later).
As regards the epoxy resin/1 phr epoxy resin-clay specimen, different changes of exotherms and FTIR spectra are observed. It is shown in Table 2 that the curing heats from the epoxy resin-clay added epoxy resin system are the greatest among all clay-filled epoxy resin systems at all curing temperatures, and even significantly larger than the plain epoxy resin at 160 and 180 o C. However, a lot of residual DICY are still present and are greater than other clay-filled specimens at the higher temperatures (see Figure 7) . It is clear that the intensities of the 2180 cm -1 bands from the unfully-reacted residual DICY in the epoxy resin-clay specimen follow the order of 160<170< 180 o C while the relative band shapes in the region of 1750~1650 cm -1 are very similar at all three curing temperatures. The interactions between the favoured diffusion of DICY (and epoxy resin) into the partly intercalated phosphoric epoxy resins and epoxy-clay (as that in the epoxy resin/org-clay specimen) at the low curing temperature, and the change in reaction routes due to stoichiometric imbalance of functional groups cause more residual DICY bands observed at the high temperature cure. The imbalance DICY/epoxy ratio is affected by both extra epoxide groups from the epoxy resin-clay and the extent of diffusion at a certain temperature. The extra epoxide groups from the phosphoric epoxy resins could react and deliver more heat, while the diffusion of monomers into the intragallery of epoxy resin-clay could be more difficult and temperature dependent than that in the org-clay because of a smaller d-spacing. These influences are believed to result in the differences obtained in reaction heats and FTIR spectra. Henceforth, these also change the reaction mechanisms, exotherms, and structures formed which are confirmed in Table 3 Before comparing the model-fitting data, the relative curing rates of specimens can be obtained by comparing the t p , the time to reach the maximal curing rate, in the isothermal exotherms. As shown in Table 4 , the t p decreases with increasing the curing temperature for all specimens tested due to increase of the reaction rate at the high temperature. In addition, all clay filled epoxy resin specimens have larger t p , i. e., slower curing rates, than the plain epoxy resin because of the large surface areas of added clays which limit the accessibility of the reactive bonds for reaction and cause the retardation of the cure. In addition, the different clay used also results in different changes of curing speeds. From Table 4 , the t p 's of clay added specimens follow the order of the org-clay>epoxy resin-clay>siloxane-clay>untreated clay. It is obvious that this difference in curing rates is resulting from the fact that the type of chemicals intercalated can affect the diffusion extent (and DICY/epoxy ratio), stoichiometric balance, and corresponding extragallery/intragallery polymerization which are confirmed by the previous FTIR analyses. The curing kinetics can also be compared by using the curing characteristics calculated from the fitted Kamal model as shown in Tables 5 and 6 . It is interesting to notice that the kinetic constants, k, from different specimens follow the order of the org-clay<siloxane-clay<epoxy resin-clay<untreated clay<plain epoxy resin at 160 o C but change to the order of the epoxy resin-clay<siloxane-clay<org-clay<untreated clay<plain epoxy resin at 170 and 180 o C. The corresponding activation energies (E) and frequency factors (lnA) calculated from kinetic constants are also listed in Table  6 . Since the magnitude of E is an implication of the sensitivity of curing rates with respect to the temperature range analyzed, e.g., the system with the higher E would have a great change in k from 160 to 180 o C. From different changes in k and E, it is confirmed that the clay added specimens all have a lower curing speed than the plain epoxy resin due to blocking effect from clays, and the epoxy resin with treated clays would have different responses to the curing temperatures due to the changes in reactivities, concentrations of functional groups, and mechanisms resulted from the intercalated chemicals (as confirmed by FTIR spectra). Consequently, the lnA obtained from different specimens are also affected differently.
Additionally, the effect of clay on the curing mechanisms can be confirmed by the reaction orders calculated. The m and n obtained from the fitted Kamal model are listed in Table 5 . Since the epoxy/DICY cure consists of various complex reactions, the simplified reaction orders calculated are used only for relative comparison purpose. From Table 5 , it is known that the reaction order of the studied specimen changes with respect to the curing temperature used. This is consistent with the FTIR results obtained and many other published works as described previously. In spite of the curing temperature, it is expected that the epoxy resin with different clays also have different reaction orders. It is interesting that the epoxy resin with the org-clay has the lowest reaction orders while the specimen containing the siloxane-clay has the greatest reaction orders among all specimens at all curing temperatures. Additionally, the epoxy resin system with the siloxane-clay or the epoxy resin-clay (clays containing reactive epoxide groups), has the higher reaction order at the higher curing temperature. This increasing trend is different to that obtained from the specimen with the untreated clay or org-clay which has the greatest order at the lowest temperature. Although the results here are only for semi-quantitative comparisons, it is known that the clay with different reactive groups can affect curing mechanisms differently which are consistent with changes in curing exotherms and curing reactions shown previously. 
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The accuracy of the fitted values can be obtained from the representative experimental and fitted curing exotherms of specimens shown in Figures 8 and 9 . Regardless of the addition of different fillers, all specimens have very good fit at 160 and 170 o C. From fitted curves shown, it is obtained that the Kamal model can correctly describe the curing kinetics of the studied resin/clay systems at 160 and 170 o C but not at 180 o C. The Kamal model has been modified in different ways with more added terms in the equation to account for the nonstoichiometric ratio of epoxy/amine used, limited final conversion reached, and diffusion controlled stage met in the amine cured reaction [27] . It is important to note that in the complex DICY/epoxy system, not only the amine-epoxy related reactions (including epoxide ring opening and etherification), which are usually considered in various modified Kamal models, but also the sequential intermolecular and intramolecular reactions of substitution and rearrangement as described previously, which are generally not counted in the modified equations, occurs. These reactions become more complicated because they are also sensitive to DICY-to-epoxy ratio. Although the effect of diffusion controlled reactions on the current study in not significant due to the use of high curing temperatures above the glass transition temperature, it is believed that these temperature dependent reactions related to the formations of melamines, imino groups, 2-oxazolidones, and guanyl ureas result in the discrepancy between experimental and theoretical values. It is interesting that a simple Kamal equation can describe the complex curing reactions of studied specimens well at 160 and 170 o C, which is good for the practical application because a curing temperature higher than 170 o C is seldom used for DICY/epoxy systems in industry. In addition, although the fitted cure obtained at 180 o C is not as good as those from 160 and 170 o C, this would not greatly affect the semi-quantitative comparisons made above. More detailed studies of these systems are still in progress.
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Conclusions
The curing behaviors of the epoxy/dicyandiamide (DICY)/2-methylimidazole system in the presence of different intercalated clays are shown. The intercalation distance and the intercalated amount in the clays follow the order of the siloxane-clay>org-clay >epoxy resin-clay>pristine clay. From results of FTIR and DSC analyses, it is obtained that the curing rates, functional groups formed, curing mechanisms (reaction orders), and fitted curing characteristics of the epoxy resin system are changed with respect to the curing temperature and the type of intercalated clay used. The stoichiometric imbalance of functional groups due to the mutual diffusion of epoxy resin constituents and intercalated chemicals in the clays results in the different curing behaviors observed. The epoxy resin with the epoxy-clay has the largest while the epoxy resin with the org-clay has the smallest curing heats. The curing kinetics of different epoxy/clay systems cured at 160 and 170 o C can be correctly fitted by the Kamal model.
Experimental
Materials
The epoxy resin (diglycidyl ether of bisphenol-A with epoxide equivalent weight = 190, Epon-828) was obtained from Shell Chem. Co. The montmorillonite clay used was Kunipia F with cation-exchange capacity of 115 meq/100 g. The dicyandiamide (DICY) curing agent (> 99% pure, with the particle size < 1 micrometer) and 2-methyl imidazole accelerator (2-MI, > 98% pure) were products of Neuto Products Co. and Tokyo Kasei Kogyo Co., respectively. DICY and 2-MI were used as received. The intercalation chemicals, octadecylamine, epoxy functional siloxane (SF-8411, with epoxide equivalent weight = 3200), and phosphorus modified epoxy resin (epoxide equivalent weight = 400, phosphous content = 3 %, containing 36 wt.% methyl ether ketone (MEK) solvent), were obtained from Aldrich, Dow-Corning, and Union Material Tech. Co., respectively. The N,N-benzyldimethylamine (BDMA) catalyst was 99% pure from ACROS.
Sample preparation
The montmorillonite clay was dried at 80 o C for 24 hours before use. In the case of intercalation with octadecylamine, the clay (3 grams) was swelled and stirred in the distilled water (80 ml) for one hour, and then added with the octadecylamine solution, which was prepared by well mixing the octadecylamine (2.4 grams) with the alcohol solvent (95 vol.%, 80 ml) and HCl (0.308 gram), and stirred at 75 o C for 24 hours. This treated clay was repeatedly centrifuged and rinsed with distilled water for five times to remove residual octadecylamine, and then subsequently dried and pulverized for further test (referred to as the org-clay). To react with the functional siloxane, the org-clay (2 parts) was dispersed in 100 parts siloxane liquid with the homogenizer at a speed of 16000 revolves/min for two hours at 100 o C. Then this treated clay solution was repeatedly centrifuged and rinsed with THF solvent for five times to remove residual siloxane, and then subsequently dried and pulverized (referred to as the siloxane-clay). To prepare the epoxy resin-clay, the clay (1 gram) was homogenized with the phosphorus modified epoxy resin solution, which was prepared by well mixing the phosphorus modified epoxy (30 grams) with MEK solvent (10 grams) and BDMA (0.15 gram), with the homogenizer at a speed of 16000 revolves/min for two hours at 70 o C. This epoxy modified clay was also repeatedly centrifuged and rinsed with MEK solvent for five times to remove residual epoxy resin, and then subsequently dried and pulverized (referred to as the epoxy resinclay). The compositions of epoxy resin specimens tested are listed in Table 7 (amine (in DICY)/epoxy (in epoxy resin) equivalent = 0.63). All mixed resin formulations were compounded with the three-roll mill in order to obtain a well dispersed paste and then vacuum defoamed at room temperature before analysis. The homogeneity of the specimens prepared was confirmed by the small standard deviations obtained from DSC exotherms.
The Shimadzu XRD-6000 was used to obtain the X-ray diffraction patterns of treated clays at a scanning rate of 3 o /min from 2 o to 30 o . The weight losses of different clays were analyzed by using Perkin-Elmer Pyris-1 TGA with a temperature scanning rate of 10 o /min and nitrogen flow rate of 30 ml/min. Regarding the compounded epoxy resin/clay samples, a Perkin-Elmer DSC-7 was used to measure the curing exotherms of these systems. Three specimens prepared from the open (unsealed) aluminum (Al) pans are tested for each isothermal measurement. During analyses, the specimen was inserted into the DSC cell and then the interested temperature was reached at a scanning rate of 500 o C/min. The isothermal curing exotherm was obtained at 160, 170, and 180 o C under nitrogen environment (with a nitrogen flow rate of 30 ml/min). In addition, infrared transmission spectra were taken from the isothermally cured DSC specimens after which it was ground and pressed into KBr pellets. Fifty scans were acquired at a resolution of 4 cm -1 from 4000 cm -1 to 600 cm 
